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In Brief
Plants transport photoassimilates
through a dedicated vascular tissue, the
phloem. Differentiation of phloem cells
from meristematic cells is controlled by a
genetic framework involving OCTOPUS
(OPS). Anne et al. show that OPS function
occurs via the repression of the GSK3
BIN2, a negative regulator of the
brassinosteroid hormonal signaling
pathway.
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The phloem is a vascular strand that conducts photo-
assimilates and systemic signals throughout the
plant to coordinate growth. To date, few molecular
genetic determinants have been identified to control
both specification and differentiation of this tissue
[1–3]. Among them, OCTOPUS (OPS) protein was
previously identified as a polarly localized plasma
membrane-associated protein of unknown biochem-
ical function whose broad provascular expression
becomes restricted to the phloem upon differentia-
tion [2]. OPS loss-of-function mutants showed an
altered vascular network in cotyledons and an inter-
mittent phloem differentiation in the root [2, 4]. Here,
we demonstrate a role for OPS as a positive regu-
lator of the brassinosteroid (BR) signaling pathway.
Indeed, transgenic lines overexpressing OPS (OPS-
OE) display the hallmarks of constitutively overacti-
vated BR mutants. Physiological and genetic ana-
lyses place OPS as a positive regulator of the BR
signaling pathway upstream of the key transcription
factors BES1 and BZR1. Directed protein interac-
tions with known BR signaling proteins identified
BIN2, a GSK3 protein involved in multiple signaling
pathways, as a partner of OPS. This interaction re-
cruits BIN2 to the plasma membrane, thus prevent-
ing its inhibitory activity in the nucleus. Finally, both
bikinin (a potent inhibitor of GSK3 [5]) treatment
and downstream dominant mutants bes1-D [6] and
bzr1-D [7] can rescue phloem defects of ops in the
root. Together, our data show that OPS antagonizes
BIN2 to promote phloem differentiation.
RESULTS
OPS-OE Transgenic Lines Display a
Brassinosteroid-Constitutive Response
OPS is involved in phloem differentiation [2, 4, 8]; however, its
exact role in this process remains unclear. To gain insight into
its function, we overexpressed OPS-GFP in Arabidopsis thaliana2584 Current Biology 25, 2584–2590, October 5, 2015 ª2015 ElsevieColumbia plants. Most of the transgenic lines carrying
p35S::OPS-GFP construct displayed elongated hypocotyls
and petioles and curly cotyledons and leaves associated with
GFP expression (Figures 1A and S1A). Among them, we selected
a monolocus transgenic line that displayed a reproducible
phenotype during the first 2 weeks of growth for further investi-
gation and called it OPS-OE in this article. These phenotypes
were reminiscent of those observed in plants with strong consti-
tutive BR response such as cdg1-D transgenic line [9] or
35S::bes1-D plants [6] (Figures S1A and S1B). Furthermore,
OPS-OE phenotype can be mimicked in WT seedlings grown
on Arabidopsis medium containing 1 mM of brassinolide (BL),
the most active form of BRs [10] (Figures 1A and 1B) or 50 mM
bikinin, a Glycogen Synthase Kinase 3 (GSK3)-specific inhibitor
that induce BR signaling pathway [5] (Figures S1C and S1D).
These results suggested that the OPS-OE line could constitu-
tively activate the BR pathway.
In order to investigate the BR signaling level in the OPS-OE
lines, we checked the phosphorylation status of BES1 protein,
a key transcription factor involved in the transcriptional response
ofBR [6, 11]. BRsare perceived at the plasmamembranebyBRI1
receptor kinase (BR INSENSITIVE 1 [12–14]). In absence of BRs,
thepathway is repressedbyBIN2 (BR INSENSITIVE2) aglycogen
synthase kinase 3 (GSK3 [15, 16]) that phosphorylates BES1
(BRI1-EMS-SUPPRESSOR 1) and BZR1 (BRASSINAZOLE-
RESISTANT 1) transcription factors to induce their degradation
and prevent their accumulation in the nucleus [6, 7, 17, 18] (Fig-
ure 1D). In presence of BRs, this repressive mechanism is
released through the inactivation of BIN2 by the phosphatase
BSU1 (BRI1 SUPPRESSOR 1) [19–21]. The active unphosphory-
lated forms of BES1 and BZR1 accumulate in the nucleus
and bind their target genes to induce the BR cellular response
such as cell elongation or a negative feedback on BR biosyn-
thesis [6, 7].
In WT plants, both phosphorylated and unphosphorylated
forms of BES1 are accumulated in western blot (Figure 1C)
indicating the versatile nature of this switch during development
[6]. When the pathway is activated by addition of BL in growth
medium, WT plants mainly accumulate the unphosphorylated
form of BES1 (Figure 1C). Similarly, the OPS-OE plants displayed
an accumulation of the unphosphorylated form of BES1, even
in absence of BL treatment, indicating a strong constitutive
induction of BR signaling pathway in OPS-OE plants (Figures
1C and S1A).r Ltd All rights reserved
Figure 1. OPS-Overexpressing Plants Display Constitutive BR Response Phenotypes
(A–C) 7-day-old light-grown seedlings on Arabidopsis medium 1% sucrose supplemented with or without 1 mM BL.
(A) OPS-OE phenotype is mimicked by BL treatment of WT seedlings. Bar, 5 mm.
(B) Hypocotyl length of seedlings shown in (A); error bars, SD, 30 < n < 40, ***p < 0.001 as determined by a Student’s t test.
(C) OPS-OE accumulates unphosphorylated BES1 protein as shown by anti-BES1 western blot. Coomassie staining of the blotted membrane is shown below as
loading control.
(D) Simplified scheme of the BR pathway in absence (left) or presence (right) of BRs. In absence of BRs, BIN2 kinase is active and phosphorylates the two
transcription factors BES1 and BZR1 that are unable to induce BR response. BRs are perceived by BRI1 receptor kinase at the plasmamembrane and the signal
is transduced inside the cell by a phosphorylation-cascade ultimately inhibiting the repressor BIN2. The subsequent accumulation of unphosphorylated forms of
BES1 and BZR1 induces the BR response such as the negative feedback on the BR biosynthetic gene DWARF4 or the induction of cell elongation (correlated to
SAUR-AC1 induction).
(E) Transcripts level of DWARF4 and SAURAC1, measured by qRT-PCR on 7-day-old seedlings of BR-defective (bri1-116) or BR-constitutive (bzr1-D) mutants
compared to WT (Col) and OPS-OE plants.To further assess the BR response in OPS-OE plants, we
analyzed the transcript levels of DWARF4 (DWF4) and of
SAURAC1, both regulated by BES1 and BZR1 [11, 18, 22]. In
BR-defective mutant such as bri1-116 [13, 23], SAURAC1 is
repressed, whereas DWF4 is strongly induced (Figure 1E). These
genes are regulated in an opposite manner in constitutive BR
mutant such as bzr1-D [7] (Figure 1E). In OPS-OE plants the level
of BR transcriptional response is even stronger than in the consti-
tutive mutant bzr1-D. However, in ops-2 mutant, the transcript
levels of SAURAC1 and DWF4 were similar to WT plants (Fig-
ure 1E). OPS gene expression being restricted to the phloem, it
is likely that ops mutation effect could have very little effect on
global SAURAC1 and DWF4 expression levels. Altogether, these
results indicate thatOPS-OEplantsbehaveasconstitutiveBRmu-
tants and activate BR-induced molecular and cellular responses.Current Biology 25, 2584–OPS Positively Regulates BR Signal Transduction
The constitutive BR signaling observed in OPS-OE can be either
the consequence of an increased BR biosynthesis or an acti-
vated BR signaling pathway. To discriminate between those
two hypotheses, we conducted a pharmacological analysis of
OPS-OE treated with BL or brassinazole (BRZ, a specific BR
biosynthesis inhibitor [24]). For this purpose, the OPS-OE line
was compared to the bzr1-D mutant and WT plants.
In the presence of 2 mM BRZ in darkness, the hypocotyl
length of WT plants is strongly reduced (almost 90% compared
to non-treated plants, Figures 2A and 2B), while bzr1-D mutant
is less sensitive to the treatment with a hypocotyl length that
decreases only by 60%, a result that had led to the isolation
of this mutant (brassinazole resistant 1 [7]). OPS-OE plants are
almost insensitive to BRZ treatments with only 15% of growth2590, October 5, 2015 ª2015 Elsevier Ltd All rights reserved 2585
Figure 2. OPS Activates the BR Pathway at the Signaling Level
(A and B) 7-day-old dark-grown seedlings grown on Arabidopsis medium
without sucrose supplemented or not with 2 mM BRZ.
(A) BRZ treatment inhibits hypocotyl elongation in darkness. OPS-OE is even
more resistant to BRZ treatment than brzr1-D. Bar, 2 mm.
(B) Corresponding hypocotyl length. n > 30 mean ± SD. ***p < 0.001, **p < 0.01
as determined by a Student’s t test.
(C) 7-day-old seedlings grown on Arabidopsis medium supplemented with
DMSO, 1% sucrose with or without 1 mM BRZ or 1 mM BL.
(D) Corresponding western blotting using anti-BES1 antibody.
(E) Coomassie staining of the blottedmembrane used as loading control (large
subunit Rubisco band).reduction compared to non-treated plants (Figures 2A and 2B).
In light conditions, WT plants treated with 1 mm BRZ exhibit a
strong reduction of growth (Figure 2C) and a strong accumula-
tion of the phosphorylated form of BES1 (Figure 2D), whereas
OPS-OE still displays its BR-constitutive phenotype and mainly
accumulates the BES1 unphosphorylated form (Figures 2C
and 2D).
In presence of BL, WT plants display an increased hypocotyl
elongation in light-grown seedlings (Figures 2C and S1C–S1F),
whereas OPS-OE plants have a very slight increase suggesting
that they are insensitive to BL treatment, probably because BR
response is already strongly induced inOPS-OE plants. Because
OPS-OE is insensitive to both treatments, we conclude that OPS
is a positive regulator of the BR signaling pathway.2586 Current Biology 25, 2584–2590, October 5, 2015 ª2015 ElsevieIn order to specify OPS involvement in the BR signaling
cascade, we analyzed the genetic interactions of OPS with
genes of BR signaling components. Thus, we crossed the
OPS-OE into the BR-insensitive mutant bri1-116 (a strong loss-
of-function allele of BRI1 [13]) and bin2-1D (a gain-of-function
allele of BIN2 [15]). Those two mutants display typical pheno-
types of BR-defective mutants: short petioles and hypocotyl,
dark-green round cotyledons and leaves (Figures 3A and 3B).
Overexpression of OPS suppressed the dwarf seedling pheno-
type of bri1-116 and bin2-1D restoring the elongation of petioles
and hypocotyl in seedlings (Figures 3A and 3B) and rescued the
sterile phenotype of bri1-116 and bin2-1D (Figure S2). This was
associated with a strong accumulation of unphosphorylated
BES1, normally hyperphosphorylated in bri1-116 and bin2-1D
mutants (Figure 3C). These data suggest that OPS function is
epistatic to both BRI1 and BIN2.
OPS Interacts with BIN2 at the Plasma Membrane
The previous results would suggest that OPS acts as a positive
regulator of BR signaling pathway downstream of BRI1 and
BIN2. However, BIN2 directly phosphorylates BES1 and BZR1
[6, 17] and OPS-OE modifies the phosphorylation status of
BES1 in bin2-1D suggesting OPS could directly inhibit BIN2
function. We tested whether OPS and BIN2 directly interact
with each other in yeast two-hybrid split ubiquitin assays [25].
A positive interaction between OPS and BIN2 was found in yeast
(Figure 3E) and confirmed in planta by bimolecular fluorescence
complementation (BiFC [26]) assays. A strong fluorescence
signal in Nicotiana benthamiana epidermal cells transiently co-
expressing OPS fused to N-terminal half of YFP (nYFP-OPS)
andBIN2 fused to theC-terminal half of YFP (cYFP-BIN2) reveals
an OPS/BIN2 interaction at the plasma membrane (Figure 3F).
However, OPS did neither interact with itself nor with the mem-
brane anchored proteins BRI1 and BAK1 (Figures 3F and S3).
OPS Sequesters BIN2 to the Plasma Membrane
The interaction of OPS and BIN2 at the plasma membrane is
contrasting to the biological activity of BIN2 which has been
described as occurring mostly in the nucleus [18]. To further
investigate the effect of OPS on BIN2 localization, transient
transformations of mCherry-BIN2 alone or together with OPS-
GFP were performed in Nicotiana benthamiana. 3D views of
mCherry-BIN2 alone highlighted the strong signal in cytoplasmic
strands and nucleus and the low abundance of the protein at the
plasmamembrane (Figure 3G). By contrast, in presence of OPS-
GFP, whose location was mainly confined to the plasma mem-
brane, BIN2 localization appeared lower in the nucleus and
higher in the plasma membrane (Figure 3G). This is confirmed
by the quantification of the fluorescence intensity present in
the nucleus and plasma membrane in the two conditions (Fig-
ures 3H and 3I). These results suggest that upon the presence
of OPS-GFP, mCherry-BIN2 is depleted from the nuclei and ac-
cumulates instead at the plasma membrane.
BIN2 Inhibition Rescues ops Root Phloem Defects in a
BES1- and BZR1-Dependent Manner
To investigate the possible regulation of BIN2 by OPS during
phloem differentiation, GSK3 activity was inhibited by bikinin
treatment [5] in ops mutants. The ops mutant displays a shortr Ltd All rights reserved
Figure 3. OPS Is Epistatic to BRI1 and BIN2
to Induce BR Response through a Control of
BIN2 Subcellular Localization
(A–D) OPS-OE suppresses bri1-116 and bin2-1D
mutants.
(A) Phenotypes of 7-day-old seedlings of the indi-
cated genotype grown on Arabidopsis medium
containing 1% sucrose. Bar, 5 mm.
(B) Hypocotyl length measurement of seedlings
shown in (A); error bars, SD, 20 < n < 30. ***p <
0.001 as determined by a Student’s t test.
(C) OPS-OE restores accumulation of un-
phosphorylated BES1 in bri1-116 and bin2-1D as
shown by anti-BES1 western blotting.
(D) Coomassie staining of the blotted membrane
is used as a loading control.
(E and F) OPS interaction with BIN2 in yeast and
tobacco epidermal cells.
(E) OPS interacts with BIN2 in split-ubiquitin
system in yeast. NubG and NubI are used as
negative and positive control, respectively. (SD-
LTH + 25 mM 3AT medium.)
(F) OPS andBIN2 interact at the plasmamembrane
in plant cells. Interaction is visualized in split-
YFP assay by confocal microscopy in epidermal
cells of transiently transformed Nicotiana ben-
thamiana epidermal cells. Green, YFP signal; red,
autofluorescence. Bar, 100 mm.
(G–I) Influence of OPS on BIN2 subcellular distri-
bution.
(G) Confocal imaging of Nicotiana benthamiana
epidermal cells transiently expressing mCherry-
BIN2 in presence or absence of OPS-GFP. Bar,
50 mm.
(H) Quantification of subcellular distribution
changes of BIN2 in presence of OPS. Nucleus/
plasma membrane ratio of mean fluorescence in-
tensity measured ROI. Error bars, SD (n = 20),
***p < 0.001 as determined by a Student’s t test.
(I) mCherry-BIN2 localization visualized by
confocal microscopy. Fluorescent signal is dis-
played as inverted gray values for clearer visuali-
zation. Red arrowheads show nuclear signalroot phenotype, less complex vascular pattern in cotyledons,
and defects in phloem differentiation in the root [2].
In roots, phloem differentiation can be detected with the pro-
gressive thickening of the cell wall concomitant with cell elonga-
tion (Figure 4A). While most of WT plants did not display any
phloem defects (87% on Arabidopsis medium supplemented
with DMSO), in ops-2 mutant 50% of roots displayed phloem
‘‘gap’’ corresponding to an island of undifferentiated cells inside
a differentiated phloem file of the root meristematic region (Fig-
ures 4A and 4B). Treatment of ops-2mutant with 25 mMof bikinin
partially rescued ops phloem defects. This was also confirmed in
other ops alleles (Figure S4B, ops-1 [8] and ops-4 [27]), indicating
that inhibition of BIN2 activity is necessary for correct phloem
differentiation.
Since BIN2 is a repressor of BR signaling pathway, we as-
sayed whether inhibition of different steps of the BR pathway
could mimic ops phloem phenotype. Occasional gaps were
found in det2-1 or in BRZ-treated WT plants, albeit at a much
lower frequency than in ops. However, we did not observe anyCurrent Biology 25, 2584–interruption of phloem differentiation in bri1-116 or bin2-1D
(Figures S4A and S4B). This could be explained by the epistasis
of OPS on those components (shown in Figure 3). Similarly, BL
treatment does not rescue ops phloem defects (Figure S4B).
Taken together, these results suggest a limited role of BR hor-
mones on the phloem differentiation process.
Beside its repression of the BR signaling pathway, BIN2 is
known to regulate several signaling pathways including auxin
or MAP Kinase signaling [28, 29]. We wondered which pathway
downstream of BIN2 is necessary for phloem differentiation. To
elucidate this, ops-2 was crossed with bzr1-D and bes1-D
mutants activating BR responses downstream of BIN2 [6, 7].
We assessed phloem defects in ops-2 bzr1-D and ops-2
bes1-D roots and both bzr1-D and bes1-D mutations permit to
partially reestablish correct phloem differentiation in ops roots
(Figure 4C), supporting positive effect of the downstream BR
signaling pathway on phloem differentiation and suggesting
that common target genes of BES1 and BZR1 are important
for phloem differentiation in the root. ops-2 bes1-D, and ops-22590, October 5, 2015 ª2015 Elsevier Ltd All rights reserved 2587
Figure 4. BIN2 Inhibition Partially Rescues ops Root Phloem Defect in a BES1- and BZR1-Dependent Manner
(A) Examples of phloem phenotypes in root of 7-day-old seedlings observed by confocal imaging with propidium iodide (PI) staining. Normal: a gradual thickening
of the cell wall is observed with increased PI staining along the protophloem cells file (black arrowhead). Gap: undifferentiated cells within differentiated cells
identified by non-thickening of the cell-wall (white asterisk).
(B and C) Quantification of phloem phenotypes as described in (A). Percentage of roots presenting the phenotypes described in (A) in at least one of the two
phloem cell files observed in the meristematic region of root (within 300 mm from the root quiescent center). N, number of roots observed. **p < 0.01, *p < 0.05 as
determined by a Fisher’s exact test.
(B) Bikinin treatment (25 mM in DMSO) restores ops phloem defects.
(C) bzr1-D and bes1-D partially rescue ops-2 phloem defects in roots.
(D) bzr1-D and bes1-D partially restore ops-2 root length of 7-day-old light-grown seedlings. Error bars, SD (n > 20), ***p < 0.001 as determined by a Student’s
t test.
(E) Expression pattern of pBIN2::GUS in 7-day-old primary root. Side panels are a closeup view of the protophloem cell files.
(F) Expression pattern of pBES1::BES1-YFP (yellow) and pBZR1::BZR1-CFP (cyan) in 7-day-old primary root counter-stained with propidium iodide (PI, red).
Protophloem cell files are recognizable by the cell-wall thickening (white arrowhead). Bar, 20 mm.bzr1-D double mutants slightly rescued ops root growth defects
(Figure 4D) suggesting that either the combined transcriptional
response of BES1 and BZR1 or other BIN2-regulated pathways
are required for root growth. However, the number of vascular
loops in ops-2 bes1-D and ops-2 bzr1-D mutants was similar
to ops mutant, while WT, bes1-D and brz1-D vascular loops
were comparable indicating that this embryonic phenotype
was not rescued (Figures S4C–S4E). This is consistent with the
low expression level of both BZR1 and BES1 during embryogen-
esis (Figure S4F). However, we confirmed the expression of
BIN2, BES1, and BZR1 in the root differentiating protophloem
(Figures 4E and 4F). During protophloem differentiation, BES12588 Current Biology 25, 2584–2590, October 5, 2015 ª2015 Elsevieand BZR1 have a variable accumulation level in the nucleus (Fig-
ure 4F). They seem to accumulate in the nucleus at the onset of
differentiation and then disappear from it. Although their stronger
nuclear accumulation correlates with the expression pattern of
OPS, their disappearance from the nucleus coincides with the
progressive nucleus degradation step of the differentiation pro-
cess [30]. Thus, BES1 and BZR1 subcellular localization along
the phloem cell file is difficult to interpret, as it corresponds to
both BR signaling responses and physical modifications of the
nucleus. Taken together, these observations indicate a role for
BIN2 activity on the transcription factors BES1 and BZR1 for
the phloem differentiation process in the root.r Ltd All rights reserved
DISCUSSION
Current knowledge of BR signaling pathway reveals a complex
integration of various signals regulating the BR signaling
pathway [31, 32]. From the hormone perception by BRI1 at the
plasmamembrane to the nuclear responsemediated by the tran-
scription factors BES1 and BZR1, many proteins are involved in
signal transduction. Among them, BIN2 stands out as a key regu-
lator integrating various signals [33].
Here, we present genetic, physiological, and biochemical evi-
dences for the involvement of OPS in the regulation of BIN2, a
signal integration hub repressing the BR signaling pathway.
Based on OPS-OE lines studies, we provide phenotypical and
molecular supports for its role in inducing BR responses such
as accumulation of unphosphorylated BES1. Furthermore, phys-
iological and genetic analyses placedOPS as a positive regulator
of the BR signaling pathway. OPS interacts with BIN2 at the
plasmamembrane in yeast and in planta. Taken together, our re-
sults suggest that OPS may inhibit BIN2 repression on the key
transcription factors BES1 and BZR1 to induce phloem differen-
tiation. Studies have pointed out the important role played by the
compartmentalization of BIN2 in regulating this pathway in plants
[18] but also in the Wnt signaling pathway in animals [34]. Here,
we show that BIN2 interacts with OPS at the plasma membrane
and suggest this localized interaction sequesters BIN2 prevent-
ing its nuclear repressive function on BR response.
OPS has been involved in vascular differentiation since its
expression coincides with the site of cell-fate decision during
early vascular development (preprocambial cells [8]) and phloem
differentiation (phloem initials [2, 4]). Furthermore, vascular loops
and phloem differentiation defects have been detected in ops
mutant [2]. Here, we provided substantial evidences that BIN2
inhibition, through bikinin treatment or activation of BR pathway
downstream of BIN2 (using bzr1-D or bes1-D alleles), can rescue
phloem phenotypes of ops roots. Consistently, those signaling
components are co-expressed in this tissue. Thus, BIN2 inhibi-
tion or/and activation of downstream targets is essential for
phloem differentiation.
BRs were previously shown to regulate vasculature balance
between xylem and phloem [35]. Here, we show that BR
signaling downstream of BIN2 is also involved in protophloem
differentiation; however, BRs themselves do not seem abso-
lutely required for this process. Indeed, inhibition of BR biosyn-
thesis does not mimic phloem differentiation defect similar to
ops (Figures S4A and S4B), and BR treatment does not rescue
ops defects unlike bikinin treatment (Figure S4B). Recent studies
have pointed out the role of GSK3 downstream of a TDIF/
TDR (TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY
FACTOR and TDIF RECEPTOR) module acting as a negative
regulator during xylem differentiation [36] in a BR-independent
manner. Similarly, acquisition of phloem cell fate is regulated
by the activity level of a CLE45/BAM3 module (a homologous
module to TDIF/TDR) that blocks phloem differentiation [3, 4].
OPS was shown to play a crucial, yet unknown, role in this
pathway as a master regulator to induce phloem differentiation
[4, 37]. It is tempting to speculate, that similar to the TDIF/TDR
pathway involved in xylem differentiation, BIN2 could inhibit
phloem differentiation entry through the CLE45/BAM3 pathway.
In this putative model, OPSwould intimately regulate the phloemCurrent Biology 25, 2584–differentiation entry through its inhibitory action on the GSK3
BIN2. Further studies will aim at characterizing the nature of
inducing signal activating OPS function on BIN2 (hormonal
and/or peptidic) and replace it within the current genetic frame-
work controlling protophloem differentiation [4].
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.cub.2015.08.033.
AUTHOR CONTRIBUTIONS
P.A., K.H., M.A., L.G., S.B., and J.-C.P. performed experiments. P.A., K.H.,
and J.-C.P. designed the experiments, analyzed the results, and wrote the
manuscript with input from all authors.
ACKNOWLEDGMENTS
We thank our former colleague and friend S. Wolf for providing the bin2-1D,
bes1-D, and bzr1-D mutants; the BZR1-CFP line; and BRI and BAK1 cDNA
in the pDONR207 vector used in this study [32]. We are very grateful to Y.
Yin for the kind gift of the anti-BES1 antibody, to N. Geldner for the bri1-116
mutant, to Y. Kondo and H. Fukuda for the GSK3 GUS lines, and to Z.Y.
Wang for the BES1-YFP line.We thank R. Gutierrez for the HA-mCherry vector.
We would like to thank J.-D. Faure, O. Hamant, S. Mongrand, G. Vert, N. Geld-
ner, Y. Jaillais, T. Vernoux, N. Arnaud, and S. Wolf for stimulating discussions;
H. Ho¨fte for critical reading of the manuscript; and I. Le Masson, K. Belcram,
and O. Grandjean for their useful technical advice. P.A. is a recipient of a
PhD fellowship from the French ‘‘Ministe`re de la Recherche.’’
Received: May 13, 2015
Revised: July 24, 2015
Accepted: August 17, 2015
Published: September 17, 2015
REFERENCES
1. Bonke, M., Thitamadee, S., Ma¨ho¨nen, A.P., Hauser, M.-T., and Helariutta,
Y. (2003). APL regulates vascular tissue identity in Arabidopsis. Nature
426, 181–186.
2. Truernit, E., Bauby, H., Belcram, K., Barthe´le´my, J., and Palauqui, J.-C.
(2012). OCTOPUS, a polarly localised membrane-associated protein, reg-
ulates phloem differentiation entry in Arabidopsis thaliana. Development
139, 1306–1315.
3. Depuydt, S., Rodriguez-Villalon, A., Santuari, L., Wyser-Rmili, C., Ragni,
L., and Hardtke, C.S. (2013). Suppression of Arabidopsis protophloem dif-
ferentiation and root meristem growth by CLE45 requires the receptor-like
kinase BAM3. Proc. Natl. Acad. Sci. USA 110, 7074–7079.
4. Rodriguez-Villalon, A., Gujas, B., Kang, Y.H., Breda, A.S., Cattaneo, P.,
Depuydt, S., and Hardtke, C.S. (2014). Molecular genetic framework for
protophloem formation. Proc. Natl. Acad. Sci. USA 111, 11551–11556.
5. De Rybel, B., Audenaert, D., Vert, G., Rozhon, W., Mayerhofer, J.,
Peelman, F., Coutuer, S., Denayer, T., Jansen, L., Nguyen, L., et al.
(2009). Chemical inhibition of a subset of Arabidopsis thaliana GSK3-like
kinases activates brassinosteroid signaling. Chem. Biol. 16, 594–604.
6. Yin, Y., Wang, Z.Y., Mora-Garcia, S., Li, J., Yoshida, S., Asami, T., and
Chory, J. (2002). BES1 accumulates in the nucleus in response to brassi-
nosteroids to regulate gene expression and promote stem elongation. Cell
109, 181–191.
7. Wang, Z.Y., Nakano, T., Gendron, J., He, J., Chen,M., Vafeados, D., Yang,
Y., Fujioka, S., Yoshida, S., Asami, T., and Chory, J. (2002). Nuclear-local-
ized BZR1 mediates brassinosteroid-induced growth and feedback sup-
pression of brassinosteroid biosynthesis. Dev. Cell 2, 505–513.2590, October 5, 2015 ª2015 Elsevier Ltd All rights reserved 2589
8. Bauby, H., Divol, F., Truernit, E., Grandjean, O., and Palauqui, J.-C. (2007).
Protophloem differentiation in early Arabidopsis thaliana development.
Plant Cell Physiol. 48, 97–109.
9. Muto, H., Yabe, N., Asami, T., Hasunuma, K., and Yamamoto, K.T. (2004).
Overexpression of constitutive differential growth 1 gene, which encodes
a RLCKVII-subfamily protein kinase, causes abnormal differential and
elongation growth after organ differentiation in Arabidopsis. Plant
Physiol. 136, 3124–3133.
10. Grove, M.D., Spencer, G.F., Rohwedder, W.K., Mandava, N., Worley, J.F.,
Warthen, J.D., Jr., Steffens, G.L., Flippen-Anderson, J.L., and Cook, J.C.,
Jr. (1979). Brassinolide, a plant growth-promoting steroid isolated from
Brassica napus pollen. Nature 281, 216–217.
11. Yin, Y., Vafeados, D., Tao, Y., Yoshida, S., Asami, T., and Chory, J. (2005).
A new class of transcription factors mediates brassinosteroid-regulated
gene expression in Arabidopsis. Cell 120, 249–259.
12. Clouse, S.D., Langford, M., and McMorris, T.C. (1996). A brassinosteroid-
insensitive mutant in Arabidopsis thaliana exhibits multiple defects in
growth and development. Plant Physiol. 111, 671–678.
13. Li, J., and Chory, J. (1997). A putative leucine-rich repeat receptor kinase
involved in brassinosteroid signal transduction. Cell 90, 929–938.
14. He, Z., Wang, Z.Y., Li, J., Zhu, Q., Lamb, C., Ronald, P., and Chory, J.
(2000). Perception of brassinosteroids by the extracellular domain of the
receptor kinase BRI1. Science 288, 2360–2363.
15. Li, J., Nam, K.H., Vafeados, D., and Chory, J. (2001). BIN2, a new brassi-
nosteroid-insensitive locus in Arabidopsis. Plant Physiol. 127, 14–22.
16. Li, J., and Nam, K.H. (2002). Regulation of brassinosteroid signaling by a
GSK3/SHAGGY-like kinase. Science 295, 1299–1301.
17. He, J.-X., Gendron, J.M., Yang, Y., Li, J., and Wang, Z.-Y. (2002). The
GSK3-like kinase BIN2 phosphorylates and destabilizes BZR1, a positive
regulator of the brassinosteroid signaling pathway in Arabidopsis. Proc.
Natl. Acad. Sci. USA 99, 10185–10190.
18. Vert, G., and Chory, J. (2006). Downstream nuclear events in brassinoste-
roid signalling. Nature 441, 96–100.
19. Mora-Garcı´a, S., Vert, G., Yin, Y., Can˜o-Delgado, A., Cheong, H., and
Chory, J. (2004). Nuclear protein phosphatases with Kelch-repeat
domains modulate the response to brassinosteroids in Arabidopsis.
Genes Dev. 18, 448–460.
20. Kim, T.-W., Guan, S., Burlingame, A.L., andWang, Z.-Y. (2011). The CDG1
kinase mediates brassinosteroid signal transduction from BRI1 receptor
kinase to BSU1 phosphatase and GSK3-like kinase BIN2. Mol. Cell 43,
561–571.
21. Kim, T.-W., Guan, S., Sun, Y., Deng, Z., Tang, W., Shang, J.-X., Sun, Y.,
Burlingame, A.L., and Wang, Z.-Y. (2009). Brassinosteroid signal trans-
duction from cell-surface receptor kinases to nuclear transcription factors.
Nat. Cell Biol. 11, 1254–1260.
22. He, J.-X., Gendron, J.M., Sun, Y., Gampala, S.S.L., Gendron, N., Sun,
C.Q., and Wang, Z.-Y. (2005). BZR1 is a transcriptional repressor with
dual roles in brassinosteroid homeostasis and growth responses.
Science 307, 1634–1638.
23. Friedrichsen, D.M., Joazeiro, C.A., Li, J., Hunter, T., and Chory, J. (2000).
Brassinosteroid-insensitive-1 is a ubiquitously expressed leucine-rich
repeat receptor serine/threonine kinase. Plant Physiol. 123, 1247–1256.2590 Current Biology 25, 2584–2590, October 5, 2015 ª2015 Elsevie24. Asami, T., Min, Y.K., Nagata, N., Yamagishi, K., Takatsuto, S., Fujioka, S.,
Murofushi, N., Yamaguchi, I., and Yoshida, S. (2000). Characterization of
brassinazole, a triazole-type brassinosteroid biosynthesis inhibitor. Plant
Physiol. 123, 93–100.
25. Stagljar, I., Korostensky, C., Johnsson, N., and te Heesen, S. (1998). A
genetic system based on split-ubiquitin for the analysis of interactions
between membrane proteins in vivo. Proc. Natl. Acad. Sci. USA 95,
5187–5192.
26. Desprez, T., Juraniec, M., Crowell, E.F., Jouy, H., Pochylova, Z., Parcy, F.,
Ho¨fte, H., Gonneau, M., and Vernhettes, S. (2007). Organization of cellu-
lose synthase complexes involved in primary cell wall synthesis in
Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 104, 15572–15577.
27. Roschzttardtz, H., Paez-Valencia, J., Dittakavi, T., Jali, S., Reyes, F.C.,
Baisa, G., Anne, P., Gissot, L., Palauqui, J.-C., Masson, P.H., et al.
(2014). The VASCULATURE COMPLEXITY AND CONNECTIVITY gene
encodes a plant-specific protein required for embryo provasculature
development. Plant Physiol. 166, 889–902.
28. Cho, H., Ryu, H., Rho, S., Hill, K., Smith, S., Audenaert, D., Park, J., Han,
S., Beeckman, T., Bennett, M.J., et al. (2014). A secreted peptide acts on
BIN2-mediated phosphorylation of ARFs to potentiate auxin response
during lateral root development. Nat. Cell Biol. 16, 66–76.
29. Kim, T.-W., Michniewicz, M., Bergmann, D.C., and Wang, Z.-Y. (2012).
Brassinosteroid regulates stomatal development by GSK3-mediated inhi-
bition of a MAPK pathway. Nature 482, 419–422.
30. Furuta, K.M., Yadav, S.R., Lehesranta, S., Belevich, I., Miyashima, S., Heo,
J.O., Vate´n, A., Lindgren, O., De Rybel, B., Van Isterdael, G., et al. (2014).
Plant development. Arabidopsis NAC45/86 direct sieve element morpho-
genesis culminating in enucleation. Science 345, 933–937.
31. Zhu, J.-Y., Sae-Seaw, J., and Wang, Z.-Y. (2013). Brassinosteroid signal-
ling. Development 140, 1615–1620.
32. Wolf, S., van der Does, D., Ladwig, F., Sticht, C., Kolbeck, A., Schu¨rholz,
A.K., Augustin, S., Keinath, N., Rausch, T., Greiner, S., et al. (2014). A recep-
tor-like protein mediates the response to pectin modification by activating
brassinosteroid signaling. Proc. Natl. Acad. Sci. USA 111, 15261–15266.
33. Galvan-Ampudia, C.S., and Vernoux, T. (2014). Signal integration byGSK3
kinases in the root. Nat. Cell Biol. 16, 21–23.
34. Taelman, V.F., Dobrowolski, R., Plouhinec, J.-L., Fuentealba, L.C.,
Vorwald, P.P., Gumper, I., Sabatini, D.D., and De Robertis, E.M. (2010).
Wnt signaling requires sequestration of glycogen synthase kinase 3 inside
multivesicular endosomes. Cell 143, 1136–1148.
35. Can˜o-Delgado, A., Yin, Y., Yu, C., Vafeados, D., Mora-Garcı´a, S., Cheng,
J.-C., Nam, K.H., Li, J., and Chory, J. (2004). BRL1 and BRL3 are novel
brassinosteroid receptors that function in vascular differentiation in
Arabidopsis. Development 131, 5341–5351.
36. Kondo,Y., Ito, T.,Nakagami,H.,Hirakawa,Y., Saito,M.,Tamaki, T., Shirasu,
K., and Fukuda, H. (2014). Plant GSK3 proteins regulate xylem cell differen-
tiation downstream of TDIF-TDR signalling. Nat. Commun. 5, 3504.
37. Rodriguez-Villalon, A., Gujas, B., van Wijk, R., Munnik, T., and Hardtke,
C.S. (2015). Primary root protophloem differentiation requires balanced
phosphatidylinositol-4,5-biphosphate levels and systemically affects
root branching. Development 142, 1437–1446.r Ltd All rights reserved
